We present the synthesis and structure determination for two thiohydantoin compounds (5-benzylidene-2-sulfanylideneimidazolidin-4-one and 5-cinnamylidene-2-sulfanylideneimidazolidin-4-one), proposed as potential novel fungicides. The exact chemical structure of these molecules has not yet been determined since they can potentially exist in several tautomeric and geometric forms (Z-E isomerism). The geometries of all the theoretically possible structures of the studied compounds were optimised. The calculations were performed at the density functional theory level using the B3LYP functional and the 6-311++G** basis set. Based on our calculations, the most probable structures of the studied compounds were proposed. The theoretical predictions were verified by comparing the calculated IR as well as the 1 H and 13 C NMR spectra with the experimental data. It was documented that both the studied compounds exist predominantly in the tautomeric structure, in which the movable hydrogen is connected to the nitrogen atom in the hydantoin ring. It has been experimentally proven that one of the studied compounds occurs only as a single structure, whereas the other one exists as a mixture of two geometric isomers.
Introduction
Fungi are a very diverse and widespread group of living organisms. The fungal kingdom is presently considered a separate form of life [1] . Fungi are present in all the climate zones, mainly on land and in the air. It is difficult to evaluate the exact number of fungal species. About a hundred thousand fungi species are classified, but their total number is estimated at greater than five million [2] .
Fungi have both positive and negative impacts on human lives. Saprophytic fungi decompose organic matter. Due to this fact, basic organic compounds are made available again for living organisms [3] . Fungi are also essential to the survival of many groups of organisms with which they form associations [4, 5] . Fungi are used by humans for numerous purposes. Some mushrooms (fleshy, spore-bearing, fruiting bodies of a fungus) are edible and regarded as dainties. Moreover, numerous kinds of fungi are used in the food industry, in the production of cheese, wine, beer, and baked goods. Fungi are also used in the biotech and pharmaceutical industries, for producing enzymes, vitamins, and antibiotics [6] .
On the other hand, fungi can present a risk to human health and life. They cause spoilage of food products, such as fruit, vegetables, milk, meat, and bread; they also contribute to the destruction of industrial materials, such as wood, wool, and cotton [7] . Fungi are also at the root of multiple diseases, including fungal infections and allergies, and are a common cause of poisoning. In addition to humans, other animals and plants are also endangered by pathogenic fungi [8] . Fungi secrete a number of compounds, called mycotoxins, which can have adverse effects on other living organisms; examples are aflatoxins, fumonisins, or patulin [9] . Fungal diseases and
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fungal contamination lead to serious economic and health consequences. A number of chemical compounds, called fungicides, were designed, synthesised, and are used to kill or inhibit fungi and fungal spores [10] , which contributes to environmental protection.
Hydantoin (imidazolidine-2,4-dione) is a parent molecule of a large group of compounds used in pharmaceutical and medical applications. Hydantoin derivatives exhibit anticonvulsant, antiarrhythmic, anti-inflammatory, and antibacterial activities [11] ; hydantoin thio derivatives are useful and efficient fungicides [12] . In this paper, we concentrate on two derivatives of 2-thiohydantoine (2-sulfanylideneimidazolidin-4-one). Along with their fungicidal applications [13] , compounds in this group are commonly used as agrochemicals [14] , antimutagenics [15] , antihypertensives [16] , antiinflammatories [17] , and metal ion-complexing agents [18] . Hydantoin fungicides are considered to be safe for the environment due to their ability to decompose in the soil and subsequently form biologically inactive components [19] . Therefore, it will be beneficial to conduct further research on these compounds and enhance the knowledge of them.
In this paper, we concentrate on two derivatives of 2-thiohydantoine, namely derivatives with 5-benzylidene-and 5-cinnamylidene-substituents. Performed previously research on rhodanine's derivatives has shown that enlarging the substituent size at carbon C 5 resulted in increased bioactivity [20, 21] . Thus, synthesis and comparison of biological activities (that will be the topic of a subsequent study) should give us important indications for the strategy of designing hydantoin and rhodanine compounds with biological activity.
Experimental section
Melting points (uncorrected) were measured on a Boetius apparatus.
The MS settings for the experiments were as follows: flow rate was set to 3 μl/min, heated capillary temperature was 280°C, and capillary voltage was 4.5 kV. Scan parameters: scan range 100-1000 m/z, positive ionisation mode. CID fragmentation was carried out in the ion trap analyser with the aid of helium gas. The collision energy was set to ca. 1 V. The samples were introduced into the mass spectrometer in a CH 3 OH:CHCl 3 1:1 solution with 0.1% HCOOH.
2-Thiohydantoin-3-acetic acid was obtained as shown in the procedure described by E.J. Tarlton and A.F. McKay [22] . 5-benzylidene-2-sulfanylideneimidazolidin-4-one was synthesised and briefly characterised previously [23] . In this work, the condensation of 2-thiohydantoin-3-acetic acid with benzaldehyde and cinnamaldehyde was carried out according to a modified procedure described previously for rhodanine-3-acetic acid [24] .
General procedure of the synthesis of 5-benzylideneand 5-cinnamylidene-2-sulfanylideneimidazolidin-4-one 2-thiohydantoin-3-acetic acid (0.348 g, 2 mmol) was dissolved in 25 cm 3 of isopropyl alcohol (propan-2-ol). Benzaldehyde or cinnamic aldehyde (2.5 mmol), triethylamine (1.01 g, 10 mmol) and molecular sieves 4A (5 g) were added to the obtained solution. The reaction mixture was heated under a reflux condenser for 4 h. After heating, the solution was filtered. Subsequently, the excess of triethylamine was neutralised with a hydrochloric acid solution (1.0 M) and the precipitate was filtered off. The resulting sediment was crystallised from glacial acetic acid. The efficiency of both reactions was moderate.
Compound 
Spectroscopic measurements
The nuclear magnetic resonance spectra were recorded by the Varian Mercury-VX 300 spectrometer operating at 300.08 MHz ( Dimethyl sulfoxide can strongly interact with solutes and modify their NMR spectra. In order to avoid this effect, we tried using CCl 4 and CDCl 3 as solvents for the NMR measurements. Unfortunately, the solubility of the studied compounds in CCl 4 or CDCl 3 is too low to obtain satisfactory NMR spectra. All the spectra were measured at 25°C.
The IR spectra were measured with the VERTEX 70v Bruker's spectrometer as KBr disks at the room temperature. The spectral range of 400-4000 cm −1 was covered.
functional has been used recently (with almost the same as employed in this study 6-311+G** basis set) to study the tautomerism of the rhodanine molecule [28] . The structural optimisations were followed by the frequency calculations in order to confirm the minimum nature of the calculated geometries. The frequency calculation performed enabled the possibility of enthalpies and free energy calculations for the compounds studied. These properties are the key features in deciding which structures of the compounds studied are the most probable. From free energy values, we can calculate the composition of the tautomeric mixture. This is possible by using the ΔG (TA-TB) = RT lnK T (TA-TB) equation, where ΔG (TA-TB) is the free energy gap between a pair of tautomers, T denotes temperature, R is the universal gas constant, and K T (TA-TB) represents the constant for the reaction of tautomeric transformation between tautomers T A and T B [29] . However, in this paper, such calculations were not necessary because the energy gaps between the tautomers of the compounds studied are large. In such a case, only one, the most stable tautomer, is present in the tautomeric mixture.
The calculated theoretical frequencies and intensities were compared with the experimental IR spectra. It is well known that standard DFT calculations overestimate the harmonic frequencies relative to the experimental values. This is due to the electron correlation effects, basic set deficiencies, and harmonicity [30] . Therefore, the calculated harmonic frequencies are scaled down to improve the consistency with the experiment. For that matter, all wavenumbers were multiplied by the scaling factor equal to 0.97.
The NMR properties (the isotropic chemical shifts for all nuclei of the compounds studied) were calculated using the GIAO method [31] at the same computational level (B3LYP/ 6-311++G**) as for geometry optimisation. The tetramethylsilane molecule was used as the reference compound for which we calculated the theoretical reference values for the carbon and hydrogen nuclei used for calculations of relative chemical shifts which were compared with the experimentally measured ones.
All calculations presented here were performed for isolated molecules.
Results and discussion
In this work, two derivatives of 2-thiohydantoin, compound A (5-benzylidene-2-thiohydantoin-3-acetic acid) and compound B (5-cinnamylidene-2-thiohydantoin-3-acetic acid), have been synthesised. The antifungal activity of similar compounds was detected [13, 32, 33] , so we expect that compounds synthesised here also can have this property. Studies on their antifungal properties are currently being conducted. The schematic presentation of their molecular structures (together with the atom numbering scheme adopted in this work) is provided in Fig. 1 . Several tautomeric (in the hydantoin ring and its close environment) and geometric Z-E isomers (in the hydrocarbon substituent connected with the carbon atom C 5 ) are possible. Thus, some details of the studied compounds' structures are not clear. The exact structures of these compounds are interesting, due to their high antifungal activity. Full elucidation of the studied compounds' structures can be useful in the future designing of new fungicides.
Determination of studied compounds' structures
The first part of the presented research was the theoretical determination of the studied compounds' structures. This task consists of several steps. First of all, the studied compounds have some moveable protons, and, because of that, they can exist in several tautomeric forms. Secondly, two geometrical isomers are possible (Z and E) for compound A, and four (Z,E, E,Z, Z,Z and E,E) for compound B, due to hindered rotation around CC double bond(s). Of course, some of the usual problems of conformational analysis around bonds with free rotation are also present.
Six tautomeric structures are possible for both studied compounds. They are all presented in Fig. 2 . Three of them (T NH , T SH , and T OH ) have their carboxyl group protonated (COOH) while the other three tautomers (T NH-SH , T NH-OH , and T OH-SH ) have the carboxyl group deprotonated (COO − ). The possible geometrical isomers, common for all tautomers, are presented in Fig. 3 .
The geometry optimisation procedure has been performed for all the combinations of the presented tautomers and geometrical isomers, i.e. for twelve structures of compound A and twenty-four for compound B. The performed calculations show that all tautomeric structures with a deprotonated carboxylic group are unstable because they easily transform into tautomeric structures with the protonated carboxylic group). Thus, only stable T NH , T SH , and T OH tautomers will be considered. Their relative enthalpies and free energies (values for the most stable tautomer are assumed as the zero level) are presented in Tables 1 and 2 . The data presented in Table 1 indicate that in the case of compound A, the T NH tautomer is much more stable than the others. The energy evaluated for the T NH tautomer is so low in comparison to all other possible tautomers (T NH is about 60 kJ/mol more stable than T SH and about 150 kJ/mol than T OH ) that even without calculation of the tautomeric equilibria constants we can be sure that only the T NH structure should be detectable in the real tautomeric mixture. At the same time, the Z isomer is about 10 kJ/mol more stable than the E one for all tautomeric structures. In conclusion, we can say that the results of the calculations suggest that the T NH -Z structure should be present almost exclusively in the tautomeric mixture of compound A. The calculated structures of all stable tautomers of compound A, for both Z and E isomers, are included in the supplementary data (Fig. S1 ).
The same analysis has been performed for compound B.
The corresponding data are presented in Table 2 . The same tautomer as for compound A (the T NH one) is the most stable for compound B. It is again followed by tautomers T SH (moderate stability) and T OH (the lowest stability). The energy differences among tautomers are so high that, again, even without calculations of tautomeric constants, we can say that only tautomer T NH should be experimentally detected. The data in Table 2 suggest that conformation Z is energetically favoured for the double CC bond being directly connected with the thiohydantoin ring. Another situation, an energetic preference for conformation E, is observed for the second double CC bond. Structural isomers of compound B, arising from a different combination of Z-E conformations, can be placed into an energetic order (Z,E < E,E < Z,Z <E,Z) which is valid for all the considered tautomers of compound B. As for compound A, the equilibrium structures of all the tautomers and structural isomers of compound B are presented in the supplementary data (Fig. S2) . For tautomers T NH and T SH , the energetic effects accompanied with the Z to E transformation around the CC double bond connected with the thiohydantoin ring are weaker than in the case of the second CC bond. The opposite behaviour is observed for tautomer T OH . The lowest total energy is calculated for the T NH -Z,E structure. Due to this result, one should expect that the T NH -Z,E structure dominates in the tautomeric mixture of compound B. However, the predicted energy gaps between geometric Z and E isomers are lower than those between the tautomers. Thus, considering the precision of calculations, the theoretical calculations cannot definitively answer the question of which geometrical isomer of the T NH tautomer should be experimentally observed. However, from the theoretical point of view, the concentrations of the Z,Z and E,Z tautomers are expected to be low.
It must be emphasised that there is a fundamental difference between the tautomers and the Z-E isomers. The tautomers are in a dynamic equilibrium in which the tautomer concentrations are determined by the energy gaps among them, and one tautomer can, more or less freely, transform into another one. In contrary, rotation around the CC double bond is forbidden, since such rotation needs a high amount of energy. Because of that, relative populations of the Z-E isomers depend on the relative energies of transition states of their synthesis reactions and are later frozen. Thus, the population of the Z-E isomers of the chemical compounds can be far away from the thermodynamic equilibrium states that characterise the composition of a tautomeric mixture. The calculations of the transition states' energies for the synthesis reactions of the studied compounds are outside the scope of this work. As a consequence of that, the calculations performed here are expected to determine the approximate composition of a tautomeric mixture, but they do not have to reproduce the relative concentrations of the Z-E isomers.
Spectroscopic researches
In order to validate our theoretical predictions, some spectroscopic measurements (infra-red (IR) as well as nuclear magnetic resonance (NMR)) have been performed for compounds A and B. The Tables 3 and 4. The number of signals from the carbon and hydrogen nuclei (without signals resulting from water and DMSO presence) in the experimental NMR spectra of compound A is the same as the numbers of the carbon and hydrogen atoms in this compound's structure. This indicates that compound A exists in one structure only. The comparison of the experimental and theoretical chemical shifts (see Table 3 ) suggests that compound A exists as tautomer T NH , for which the lowest energy was theoretically determined. There are several nuclei (for example C 4 , C 16 , H 11 , and H 28 ) for which calculated chemical shifts for T NH are significantly closer to the experimental values than those predicted for other tautomers of compound A. The most predictive for the determination of which geometrical isomer is observed in the experiment should be the theoretical chemical shifts for nuclei C 16 and H 17 , for which the chemical environment changed most Fig. 3 Possible geometrical isomers (presented for the T NH tautomer). In the case of compound A, the name of the isomer informs us about the configuration around the C 5 = C 16 bond. In the case of compound B, the first part of the geometrical isomer name tells us about the configuration around the C 5 =C 16 bond, while the second provides information about the configuration around the C 29 =C 30 bond significantly during the Z-E transition. The theoretical calculations for both of these nuclei strongly suggest that T NH -Z is solely observed experimentally for compound A. In order to validate this conclusion, we calculated the correlations between the experimental data and different sets of the theoretically calculated chemical shifts. The correlation coefficients are stored in Table S3 (supplementary data). The best fits to experimental data (R 2 = 0.997 for In general, the agreement between the calculated and experimental chemical shifts is satisfactory. A different situation is noticed only for more acidic protons H 8 and H 15. The signal of the proton of the carboxylic group is present between 10 and 13 ppm. Thus, the signal at 12.55 ppm is assigned to the COOH proton. But this is not the most downfield signal in the 1 H NMR spectrum of compound A. The most downfield signal, at 13.23 ppm, must be attributed to the moveable H 8 proton. Such a high chemical shift should not be observed for the H 8 proton in any tautomeric form of compound A.
However, it must be once more emphasised that for the NMR measurements, compounds A and B were dissolved in DMSO-d 6 , which is quite an aggressive chemical medium and can strongly interact with solute molecules. Such interactions are especially intense for the "acidic" hydrogens that are a part of groups such as OH or NH. The H 8 proton is a part of such groups: OH, NH, or SH, depending on the tautomeric form. Thus, such an enormous shift for the H 8 signal is caused by solution of the NH group proton by DMSO molecule(s). The solvent molecule(s) are not included in the calculation and this is the reason why the calculated chemical shift value is very far from the experimental one for this nucleus. A similar phenomenon was observed by us in case of barbituric acid, where the detailed calculations for barbituric acid solvated by DMSO molecule(s) were performed [34] .
A part of the experimental IR spectrum of compound A, from 400 to 2000 cm −1 , has been chosen for comparison with the theoretical data (see Fig. 4 ). The experimental spectrum is dominated by three groups of vibrational bands. These groups were used for comparing with the results of the theoretical calculations. The first group is positioned between 1600 and 1800 cm −1 and consists of two broad bands with different . Several overlapping bands are present in this group. The last of these characteristic groups is situated between 900 and 1300 cm −1 and possesses three intense bands. Many medium-intensity bands are also present between 900 and 400 cm −1 , but there are no characteristic points for comparison with theory there.
It can be simply noticed that the weakest similarity between the theoretical and experimental IR spectra is observed for both geometric isomers of the T OH tautomer. There are two theoretically predicted bands between 1600 and 1800 cm −1 , but the distance between them is too big, especially for the T OH -E structure. In addition to this, the shape of other groups of the bands from the theoretical T OH spectrum is not similar to the experimental pattern. In addition, they are located in narrower ranges than those in the experimental spectrum. The calculated spectra of the T SH tautomer also do not correspond well with the experimental data. The biggest differences in bands' positions, as well as in bands' intensities, are observed in the 1300-1550 cm −1 range. In contrast, the theoretical spectra of the T NH tautomer fit the experimental data much more closely. All three groups of bands mentioned above are present. In addition, the theoretical spectrum of T NH -Z is more similar to the experiment than the T NH -E one, especially in the 900-1300 cm −1 region.
In conclusion, it can be said that theoretical vibrational spectrum of the T NH -Z structure of compound A is the most similar one to the experimental IR spectrum. Thus, the results of the IR analysis are consistent with the NMR and quantummechanical predictions.
The experimental NMR data of compound B are more complicated than those observed for compound A, see Figs As previously, we correlated the experimental chemical shifts with the theoretical ones and calculated for different structures of compound B (see Table S3 , supplementary data). Similar to, and for the same reasons as for compound A, the experimental values of protons H 8 and H 15 are far from the results of the theoretical calculations. The chemical shifts of these protons are omitted in the correlations mentioned. The calculated correlation coefficients support the theoretical prediction presented earlier that experimentally compound B should be dominated by the T NH tautomer. For other tautomers of compound B, correlations are significantly worse. Good indicators of the presence of the T NH tautomer in the experiment are the theoretical chemical shifts of C 4 , C 5 , and H 11 nuclei that fit the experimental data much more closely for T NH than for other tautomers. Because of that, in the presented paper, the theoretical chemical shifts are present only for the T NH tautomer (see Table 4 ). The obtained results of the calculations for T SH and T OH tautomers are available in the supplementary data (see Tables S1 and S2, respectively). Among possible geometrical isomers of the tautomer T NH , the theoretically most stable T NH -Z,E isomer has been identified as the best fit to the experimental data. Comparison of the theoretical and experimental chemical shifts of the 16, 23, and 29 carbon nuclei decisively supports this prediction. Most notably, carbons 16 and 29, which are part of the CC double bonds in compound B, are the ones of crucial importance. However, the same correlation coefficient for the 13 C NMR data and only slightly lower correlation coefficient for 1 H NMR have been obtained for the T NH -E,Z structure. The T NH -E,Z isomer is in the fourth place in the energetic order of the T NH geometrical isomers (see Table 2 ). Thus, the presence of this structure in the experiment has not been expected. Much more probable was the detection of the isomer T NH -E,E, whose calculated energy is only slightly higher than of the T NH -Z,E isomer. However, the correlation between the theoretical chemical shifts of T NH -E,E and the experimental data is poorer than for other isomers. As it was stated above, the relative concentrations of the geometric isomers are determined by the differences in the energies of the transition states during the synthesis. It is probable that the transition state leading to the T NH -E,Z isomer formation has relatively low energy. It should be also mentioned that the possibility of geometric isomer with higher energy formation (in small amount) was also documented in similar compounds [35] Considering the above-mentioned, we can conclude that in the experimental NMR spectra, two isomers T NH -Z,E (high concentration) and T NH -E,Z (low concentration) are observed.
The experimental and calculated vibrational spectra of compound B are shown in Fig. 5 . The analysis of the experimental spectrum of compound B seems not to be an easy task because the compound exists as a mixture of two different geometrical isomers (as it was deduced above from the NMR spectra). Fortunately, the second structure is in a rather low concentration that is almost negligible for the less sensitive IR spectroscopy. Thus, its bands should be only slightly present in the spectrum and their detection difficult. Similar to the spectrum of compound A, here we can also separate three groups of vibrational bands. In the first group (1600-1800 cm −1 ), one very intense and broad band (with its maximum slightly above 1700 cm −1 ) and two smaller bands (about 1600 cm −1 ) are observed. The second group is dominated by two intense bands around 1300 cm −1 . Finally, the third group (900-1250 cm −1 ) has three intense, partially overlapping bands. An overview of the patterns of the calculated spectra assure us that only the T NH -Z,E structure can be responsible for the shape of the obtained experimental vibrational spectrum. Only in the theoretical spectrum of the T NH -Z,E isomer can we find, at the same time, the bands corresponding to all abovedescribed key features of the experimental spectrum of compound B. There are, in the calculated spectrum of the T NH -Z,E structure, two strong bands that together can form the strong band above 1700 cm −1 . There are also two strong bands corresponding to the two intense bands around 1300 cm −1 (certainly the half-width for one of them should be increased in the theoretical spectrum, but we prefer to use only one half-width for all the theoretical bands). Even the complicated shape of the third group of the experimental bands has quite similar counterparts in the theoretical spectrum of the T NH -Z,E isomer. Thus, the comparison of the theoretical and experimental IR data strongly supports the thesis that the T NH -Z,E structure is the main component of the mixture observed for compound B. 
Conclusions
The main goal of this work can be summarised as the determination of the structural and spectroscopic properties of two thiohydantoin derivatives, for which good antifungal properties have been briefly confirmed. This goal has been achieved by measuring some experimental data (IR and NMR) and comparing them with the results of the theoretical calculations obtained for isolated molecules of studied compounds.
Conclusions from the performed research are the following:
& Provided quantum chemical calculations evaluated the T NH tautomer, in which the nitrogen atom is protonated, as the most stable one. The calculated relative energies of other tautomers are significantly higher, so tautomer T NH should be solely present in the tautomeric mixtures of both compounds studied. & The carboxylic group is always protonated. The tautomers with a deprotonated carboxylic group transform easily into the protonated ones during the geometry optimisation procedure. & Among possible geometrical isomers, the most stable in calculations are isomers Z (compound A) and Z,E (compound B). & The spectroscopic data fully support the theoretical predictions for compound A. It seems that compound B is a mixture of the most theoretically stable T NH -Z,E isomer (at a high concentration) and the T NH -E,Z isomer (at a low concentration).
